Introduction
Measuring the C-reactive protein (CRP) as the main diagnostic biomarker for rheumatoid arthritis (RA) is insufficient in predicting the disease. Thus, the aim of this study was to identify reliable diagnostic/predictive biomarkers in conjunction with CRP.
Rheumatoid arthritis a complex autoimmune disorder that can suddenly manifest with inflammation of joints. However, this is not always the case because many people have symptoms that may be transient before becoming permanent (nhs.uk/RA). This situation can be a diagnostic challenge for the general practitioners because very often laboratory tests (autoantibody assays) can appear to be normal in the early stages of the disease. The autoantibody assay monitors the level of antibodies such as CRP, rheumatoid factor, and anti-cyclic citrullinated peptide. However, recent studies focused on the presence of citrullinated proteins during inflammation which is not necessarily specific to RA. Citrullination occurs in a wide range of inflammatory tissues, suggesting that this process is inflammation dependent rather than disease dependent. 1 Thus, other diagnostic biomarkers may help in the early diagnosis of the disease.
Once diagnosis is confirmed, methotrexate (MTX) is the most preferred drug of choice compared with other diseasemodifying anti-rheumatic drugs (nras.org.uk/MTX). 2 Clinical diagnosis together with lab tests (eg, CRP) to monitor disease activities is used to determine optimal doses of MTX. 2 The CRP measurements play a key role in the management and prognosis of RA because patients with persistently high levels of CRP are at high risk of bone degradation and require intense treatment strategies. More acceptable levels of CRP offer physicians an indication of the therapeutic efficacy of the medication. Although CRP is used as a diagnostic and predictive biomarker, this test has limitations as approximately 40% patients with RA are reported to have normal levels of CRP and elevated levels have been found in conditions other than RA such as inflammatory bowel disease and tuberculosis. 3 Due to limitations that exist in the diagnosis of RA during the early stages of the disease, identifying reliable diagnostic and predictive biomarkers can ensure an effective early diagnosis of the condition and a more reliable monitoring procedure of patient response to therapy.
Primary human fibroblast-like synoviocytes (HFLS) and HFLS-rheumatoid arthritis (HFLS-RA) were purchased from the Culture Collections, Public Health England (PHE, Salisbury, UK). The cells were cultured in Synoviocyte Growth Medium (Culture Collections, PHE) and maintained in a humidified incubator at 37°C with 5% CO 2 and filtered air. The cells were passaged at 70% to 80% confluency and restricted to 5 passages. The cells were cultured according to Class II biohazard conditions in compliance with the Advisory Committee on Dangerous Pathogens (ACDP) and were reported to be free of all pathogens.
Cell viability
To determine the inhibitory concentrations (IC 50 ), the cells were seeded at a density of 2000 cells/well in 96-well plates in triplicate for 24 hours and incubated for a further 48 hours at various concentrations of MTX. The 2 mM stock concentration of MTX (Tocris, Abingdon, UK) was prepared in dimethyl sulfoxide (DMSO) and stored at −20°C. Untreated cells and DMSO (0.08%)-treated cells were used as the controls. The IC 50 of MTX was determined using the CellTiter-Glo luminescent cell viability assay (Promega, Southampton, UK) and Tecan GENios Pro (Tecan, Grödig, Austria).
CRP enzyme-linked immunosorbent assay
The HFLS and HFLS-RA cell culture supernatants were used to determine the level of CRP present in the samples (untreated and treated) using the CRP enzyme-linked immunosorbent assay (ELISA) kit (Abcam, Cambridge, MA, USA) per manufacturer's instructions. FLUOstar OPTIMA (BMG Labtech, Ortenberg, Germany) plate reader measured the optical density set at 450 nm and the CRP levels of the samples were extrapolated using standard curves of known protein concentrations.
Gene expression profiling microarray analysis (IMGM Laboratories, Germany)
Drug treatment for microarray analysis: HFLS-RA cells were seeded in 75 cm 2 culture flasks for 24 hours prior to treatment. Cells were treated with IC 50 concentrations of MTX. The untreated cells (control) and MTX-treated cells were harvested after 48 hours and stored in RNAprotect Cell Reagent (Qiagen, Manchester, UK) at −80°C.
Total RNA isolation, purity and integrity: Total RNA was isolated using the RNeasy Mini Kit (Qiagen) according to the manufacturer's instructions. Total RNA (100 ng) was spiked with in vitro-synthesized polyadenylated transcripts (OneColor RNA Spike-In Mix, Agilent Technologies, Santa Clara, CA, USA). The spiked total RNA was reverse transcribed into complementary DNA (cDNA) and then converted into Cyanine-3-labelled cRNA (Low Input Quick-Amp Labelling Kit One-Color, Agilent Technologies).
Microarray Hybridization: The quality of labelled nonfragmented cRNA was analysed on a 2100 Bioanalyzer using RNA 6000 Nano LabChip Kit (Agilent Technologies). Each Cyanin-3-labelled cRNA sample (600 ng) was fragmented, hybridized at 65°C for 17 hours, and separated using Agilent SurePrint G3 Human Gene Expression 8x60K v2 Microarrays (AMADID 039494) with one-color-based hybridization (Gene Expression Hybridization Kit, Agilent Technologies).
Bioinformatics and statistical analysis
The software tool Feature Extraction 10.7.3.1, GeneSpring GX 12.6.1 (both Agilent Technologies), Microsoft Excel 2010, and IMGM internal tool marfin v1.9 were used for the bioinformatics data analysis. Similarities between different samples based on global RNA expression profiles were assessed in a pairwise manner using the Pearson correlation coefficient. Fold change (FC) was calculated to determine the differential expression of the samples.
Messenger RNA isolation, reverse transcription and quantitative reverse transcription-polymerase chain reaction
The messenger RNA (mRNA) isolation kit (Roche, West Sussex, UK) was used to extract approximately 1 pg/cell mRNA. The First Strand cDNA Synthesis Kit (Roche) was used to transcribe 100 ng of isolated DNA. Using the cDNA as the template for PCR, the expression profiles of 10 genes with and without treatment were evaluated using quantitative reverse transcription-polymerase chain reaction (qRT-PCR). Primers were designed using NCBI (National Center for Biotechnology Information) Primer-BLAST software. The primer sequences (TIB Molbiol, Berlin, Germany) and lengths of amplicons are provided in Table 1 .
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was used as a control. Primer (226 bp) sense: 5′gagtcaacggatttg-gtcgt, antisense: 5′ttgattttggagggatctcg. The PCR was performed using FastStart DNA MasterPLUS SYBR Green 1 (Roche) in a LightCycler Real-Time PCR Detection System (Roche Diagnostics, Grenzach-Wyhlen, Germany) according to the protocol described previously. 4 Quantitative amplification was monitored by the level of fluorescence reflecting the cycle number at the detection threshold (crossing point). Crossing points were used for quantification of the copy number of genomic DNA normalized using GAPDH as a reference gene. A standard curve was generated using the crossing points generated from different concentrations of genomic DNA with known copy numbers. Different crossing points for each gene were normalized using a standard curve to obtain the copy numbers for each of the amplified genes. All PCR reactions were performed in triplicate and a negative control (no DNA) was included. 
Results
The MTX IC 50 determination on HFLS-RA cells was performed following 48 hours incubation and cell viability was determined using the CellTiter-Glo assay. The HFLS-RA cells treated with MTX induced apoptosis of 50% cell population at a concentration of 278.7 ± 2.0 μM.
To obtain comparative gene expression analysis of the effects of MTX on HFLS-RA cells, RNA microarray was performed. The gene expression profiling was performed on 2 sets of HFLS-RA cells (MTX treated and on untreated as a control) each consisting of 2 samples. The samples were analysed on Agilent SurePrint G3 Human Gene Expression 8x60K v2 Microarray. The data indicated a significant effect of the inhibitory compound on HFLS-RA. The differentially expressed RNAs for each of the treated groups were compared with the untreated cells (control). The microarrays were performed in duplication to ensure accurate statistical analysis. The differential RNA expressions were assessed for MTX vs control. To identify significantly differentially expressed genes in these pairwise comparisons, a filtering approach using P ≤ .05 and |FC| ≥ 2) was applied to the data which identified 74 genes differentially expressed (21 upregulated and 53 downregulated; Table 2 ).
The 74 differentially expressed genes were mapped against RA inflammatory pathways shortlisting 10 genes. The adopted and modified RA pathway (KEGG ID: hsa05323) is shown in Figure 1 .
The 10 candidate genes were further analysed using qRT-PCR in HFLS-RA-treated and HFLS-RA-untreated cells. The qRT-PCR copy number analysis of the 10 candidate genes in untreated HFLS, untreated HFLS-RA, and MTX-treated HFLS-RA cells are presented as mean ± SD, n = 3 ( Figure 2 and Table 3 ).
The CRP Human SimpleStep ELISA kit was used to determine the concentration of CRP present in the tissue culture supernatant of HFLS-RA cells for untreated and MTX-treated conditions. The unknown samples were quantified using a standard curve of known concentrations of CRP expressed as mean ± SD (n = 3). The concentration of CRP quantified in the cell culture supernatant of HFLS, untreated HFLS-RA, and MTX-treated RA cells was 2.01 ± 0.77, 4.98 ± 1.06, and 1.31 ± 0.69, respectively.
Discussion
The primary HFLS and HFLS-RA cells are usually isolated from synovial tissue. These cells can be used as a good in vitro model for studying the pathogenesis of chronic inflammatory diseases, such as RA. The HFLS cells play a key role in RA progression due to their ability to produce pro-inflammatory cytokines and proteases, whereas the rheumatoid HFLS-RA cells are involved in increasing invasiveness into the extracellular matrix accelerating joint destruction. 5 Thus, HFLS and their phenotype HFLS-RA cells were chosen to identify potential biomarkers for RA using 10 microarray-shortlisted (Table 4) .
Biomarkers for an early diagnosis of RA
A comparison was done using the 10 candidate gene expression profiles in HFLS vs HFLS-RA (both untreated). The qRT-PCR data demonstrated that HFLS-RA cells had significantly higher expression levels of these genes compared with the HFLS cells. The level of expression of COL14A1, CXCL12, and CYTL1 genes was found to be 3-, 4-, and 3-fold higher, respectively, in HFLS-RA cells compared with HFLS. Previous studies using integrated analysis of microRNA (miRNA) and epigenetic control enabled the identification of novel dysregulated targets including COL14A1 and CXCL12 that are regulated by DNA methylation and are targeted by miRNAs with potential use as clinical markers for RA. 17 Furthermore, an in vivo study indicated that CYTL1 is important for maintenance of cartilage homeostasis and Cytl1−/− mice exhibited joint destruction as a result of cartilage deterioration. 8 There was a significantly higher expression (P < .001) of HSPA6 in HFLS-RA cells compared with normal synoviocytes. The higher expression of HSPA6 found in this study may be implicated in the survival of RA cells as previously suggested. 18 Similarly, the expression of IFITM1 was significantly higher in HFLS-RA cells compared with normal HFLS. Previously, the role of this protein in the activation of IFN signalling pathways and its cell adhesion functions has been identified. 10 There was a significant increase in the expression of IL-6 in HFLS-RA cells compared with normal HFLS. However, the difference was 47-fold and not as elevated as other candidate genes such as IL-7, MMP1, MMP13, and TNFSF10. It was suggested that IL-6 promotes an acute phase response and promotes the synthesis of CRP, which is currently used in clinical diagnosis to provide a measure of systemic inflammation in RA. 19 IL-7 is a cytokine which has been reported to be highly expressed in the synovium and synovial fluid of patients with RA and it has been suggested that blocking IL-7 could be of therapeutic value. 12 This investigation found that the HFLS-RA cells possess a significantly higher expression of IL-7 (2.4 × 103-fold) compared with normal synoviocytes. It has been reported that IL-7 is highly expressed in various cell types including macrophages, endothelial cells, and fibroblasts and elevates the production of inflammatory cytokines. 20 The expression of MMP1 has been reported to increase in the synovial fluid of patients with RA 21 and this was observed in this study where the HFLS-RA cells were found to have a significantly higher expression of MMP1 compared with normal HFLS cells. MMP1 was upregulated 63.5 × 103-fold in RA cells. Researchers have also emphasized that the inflammatory activity observed in RA correlates with the level of MMP1 6 Biomarker Insights present in the synovial fluid. 21 Therefore, MMP1 could act as a diagnostic biomarker for RA disease activity, hence a potential target for therapeutic intervention.
Interestingly, there was a significantly higher expression of MMP13 in HFLS-RA cells when compared with normal HFLS cells (67-fold upregulation). MMP13-positive cells have been previously identified as being present in synovial joints mainly in pannus tissues of patients with RA. 22, 23 TNFSF10 not only induces apoptosis in a subsection of HFLS-RA cells but also contributes towards proliferation in the remaining cells via the p38 and ERK1/2 MAPK pathway. 15 It has also been suggested that TNFSF10 has a defensive role in the early onset of RA; however, it has the effect of promoting disease activity. 16, [24] [25] [26] In this study, a significant upregulation (P < .001) of TNFSF10 was observed in HFLS-RA cells compared with the level in normal cells. Table 3 . quantitative reverse transcription-polymerase chain reaction copy number analysis of the candidate genes in untreated HFLS, untreated HFLS-RA, and MTX-treated HFLS-RA cells. Methotrexate treatment of HFLS-RA cells downregulated the expression of COL14A1, CXCL12, and CYTL1 genes.
The treatment of HFLS-RA cells with MTX was found to decrease the expression of IFITM1 by 40-fold, thus decreasing the expression of the gene to levels observed in normal HFLS cells. Methotrexate has the ability to act as an IFN-γ inhibitor and suppresses the expression of IFN-induced MHC-II genes. The expression of MHC-II has been previously shown to be associated with a susceptibility to RA, 27 therefore inhibiting the expression of these genes is a viable therapeutic strategy for the treatment of RA.
Methotrexate was found to downregulate the expression of IL-7 228-fold compared with the untreated condition. Previously, it was reported that a decrease in the serum level of IL-7 was reported from patients with RA that had undergone MTX therapy for a prolonged period of time (over 3 months). 28 Methotrexate was also found to decrease the expression of MMP1 by 4.2 × 10 3 -fold. Therefore, treatment of RA with MTX is an effective strategy for suppressing the production of MMP1 which can result in a marked reduction of joint destruction.
On treatment of HFLS-RA cells with MTX, the expression of MMP13 was downregulated 3-fold. The patients with RA who had undergone MTX treatment for a period of 6 months exhibited a significant decrease in serum concentration of MMP13 which also decreased RA disease activity such as inflamed and painful joints. 29 Therefore, in addition to MMP1, MMP13 can be a potential therapeutic target for RA to aid the treatment of the condition. The precise mechanism by which MTX treatment inhibits the expression of MMP13 needs to be further investigated. 30 It was found that MTX was able to decrease the gene expression level of TNFSF10 by 5440-fold. Methotrexate also decreased the production of inflammatory cytokines such as IL-1β and IL-6 as a result of an elevation in the level of extracellular adenosine, which can subsequently decrease the expression of TNFSF10 as the inflammatory environment required for the production of this cytokine is compromised. This finding would suggest that TNFSF10 could be an effective diagnostic and predictive biomarker for RA.
C-reactive protein
There was a significant difference (P < .05) in the concentration of CRP present in the supernatant of HFLS-RA cells compared with the normal synoviocytes. The concentration of CRP in the untreated HFLS-RA sample was 4.98 pg/mL compared with 2.01 pg/mL in HFLS cells and 1.31 pg/mL in MTX-treated HFLS-RA cells. Methotrexate can lower the expression level of IL-6, IL-7, HSPA6, MMP1, MMP13, and TNFSF10 and subsequently CRP, which can lead to the suppression of various inflammatory events including the decrease in the activation and differentiation of T and B lymphocytes, autoantibody production, and osteoclast differentiation which in turn decreases RA-related bone degradation and systemic inflammation.
In this study, we did not measure the CRP transcripts in the cultured cells. The initial microarray data ( Table 2) did not list CRP as a gene that is differentially expressed on treatment with MTX. The CRP serum concentration may not correlate with the level of mRNA due to an important posttranscriptional mechanism that modulates the expression of the inflammatory marker CRP. 31 However, the measurements of CRP mRNA expression could provide important information that may be an improvement on the measurement of the CRP protein levels.
Conclusions
One of the key aims of this work was to identify reliable diagnostic/predictive biomarkers for RA. Although all the shortlisted candidate gene transcription profiles were upregulated in HFLS-RA when compared with the normal HFLS cells, they were downregulated due to the MTX treatment. The highest FC difference between normal synoviocytes and HFLS-RA cells was observed in HSPA6, MMP1, MMP13, and TNFSF10, which exhibited a significant difference in the expression of these genes between normal and diseased cells, on one hand, and between the MTX-treated and untreated HFLS-RA, on the other hand.
Although we have shown that the data presented are supported by various studies cited here, the novelty of the research performed lies with the identification of these biomarkers (shortlisted from the microarrays and the inflammatory pathways) as a group with dual roles as diagnostic and therapeutic biomarkers. The results have demonstrated a potential improvement of an early RA diagnosis by adopting the expression profile HSPA6, MMP1, MMP13, and TNFSF10 genes. In addition, these genes can help in predicting the therapeutic efficacy of MTX. Future studies may benefit from correlating the translation level of these proteins (HSPA6, MMP1, MMP13, and TNFSF10) to CRP.
The biomarkers identified in this study need to be tested on large diverse RA cohorts during the initial diagnosis and following their treatment with MTX using the developed multibiomarker disease activity (MBDA) test relative to clinical disease activity. 32 Serum samples need to be obtained from patients and the transcription level of the 4 biomarkers can be measured and combined to generate the composite MBDA score. The relationship between the MBDA score and clinical disease activity needs to be characterized separately.
